T he frontal or frontotemporal branch of the facial nerve is especially vulnerable to injury during neu rosurgical procedures such as cranioorbitozygo matic, pterional, and supraorbital keyhole approaches that involve an incision and softtissue dissection in the frontal and temporal regions. In the case of pterional and cranio orbitozygomatic approaches, dissection of the temporal muscle using an interfascial, subfascial, or submuscular method, following an incision beginning 1 cm anterior to the tragus at the root of the zygomatic arch, is a techni cal precaution to avoid injury to the frontal branch of the facial nerve. 1, 7, 27 A supraorbital or superciliary keyhole approach uti lizing an eyebrow incision and supraorbital minicrani otomy is a minimally invasive alternative to a pterional approach and is commonly used for treating cerebral an eurysms. 3, 5, 8, 11, 13, 16, 21, 26 In recent years the use of a supraor bital keyhole approach has increased due to the applica tion of proper surgical indications, usage of specialized surgical instruments, and technical advancements. 9, [17] [18] [19] However, the risk of disfigurement caused by palsy of the frontalis muscle due to an injury of the frontal branch of the facial nerve remains a serious drawback to a supra orbital keyhole approach, because the frontal branch can course closely above the location of the eyebrow incision. Reisch and Perneczky 22 previously reported a 5.5% inci dence of permanent palsy of the frontalis muscle. There fore, instead of using nonspecific knowledge of the facial Preoperative percutaneous mapping of the frontal branch of the facial nerve to assess the risk of frontalis muscle palsy after a supraorbital keyhole approach Object. Although a supraorbital keyhole approach utilizing an eyebrow incision and supraorbital minicrani otomy is one of the most commonly used keyhole approaches for treating cerebral aneurysms, the risk of frontalis muscle palsy due to an injury of the frontal branch of the facial nerve remains a serious drawback to a supraorbital keyhole approach as a minimally invasive surgical technique. Therefore, the authors attempted to evaluate the risk of frontalis muscle palsy by mapping the frontal nerve branch in the lower forehead using a nerve conduction study in individual patients.
Methods. Percutaneous mapping of the frontal nerve branch was performed preoperatively on 52 patients who underwent supraorbital keyhole approaches for aneurysmal clipping. The maximal compound muscle action poten tials (CMAPs) in the lower forehead were observed at 5 points along a laterally inclined line angled 30° from the midpupillary line, in which the points were 1.0, 1.5, 2.0, 2.5, and 3.0 cm as measured from the supraorbital margin.
Results. Severe frontalis muscle palsy was observed in 11 patients (21.2%), yet recovery occurred 2-5 months after surgery. No patients experienced permanent palsy. The incidence of severe palsy was 7.4% in those patients showing clear CMAPs with a high location (exclusively at 2.0, 2.5, or 3.0 cm), 14.3% in those with a bimodal distri bution, 40.0% in those with a low location (exclusively at 1.5 cm), and 83.3% in those with an extremely low location (exclusively at 1.0 cm).
Conclusions. Percutaneous mapping of the frontal branch of the facial nerve using a nerve conduction study can be used to assess the risk of postoperative frontalis muscle palsy following a supraorbital keyhole approach. The patients with the highest risk of postoperative palsy showed a clear CMAP exclusively at 1.0 cm along the inclined line measured from the supraorbital margin. nerve course based on statistics from cadaveric study, 6, 20 the unique anatomical location of the frontal branch in an individual patient is a crucial factor determining whether there is postoperative injury to the frontal branch. How ever, no studies have yet focused on such localization in the case of a supraorbital keyhole approach. Accordingly, we performed electrophysiological mapping of the frontal branch of the facial nerve in the lower forehead before a supraorbital keyhole approach to evaluate the risk of fron talis palsy.
Methods

Patient Population
Between November 2010 and October 2011, a total of 52 patients with 55 unruptured intracranial aneurysms were enrolled in this prospective study. Patients under went preoperative percutaneous mapping of the frontal branch of the facial nerve in the lower forehead using a nerve conduction study, followed by a superciliary key hole approach for aneurysmal clipping. The patient popu lation consisted of 22 men and 30 women with a mean age of 55.1 ± 9.7 years (range 34-70 years). The locations of the clipped aneurysms included the supraclinoid internal carotid artery (n = 7), anterior communicating artery (n = 16), and middle cerebral artery (n = 32). The study was reviewed and approved by an institutional ethics commit tee. Informed consent was obtained in all patients.
Mapping the Frontal Branch of the Facial Nerve
Before surgery, percutaneous mapping was per formed using a nerve conduction study to evaluate the course of the frontal branch of the facial nerve in the lower forehead. The electrodiagnostic test was performed by an expert electromyographer (S.H.L.) using a Medelec Synergy eletromyograph (Oxford Instruments Medical).
The patient lies back on an examination table and relaxes. A laterally inclined line angled 30° from the midpupillary line is then drawn, and 5 points are marked along the line at 1.0, 1.5, 2.0, 2.5, and 3.0 cm as measured from the supraorbital margin (Fig. 1) . The active electrode is sequentially placed at all 5 points, while the reference electrode is placed in the middle of the contralateral fron talis and the ground electrode is applied to the midline of the forehead just below the hairline. A monopolar needle is used as the active electrode, and a surface electrode is used as the reference electrode.
The CMAPs of the frontal branch of the facial nerve are recorded by applying surface stimulation to the an terolateral side of the tragus. A definite response is repre sented by the presence of a clear initial negative deflection of the CMAP when recorded at each of the 5 points. The CMAP is produced by the muscle's motor point, which is the most electrically excitable area of the muscle and located where the motor nerve enters the muscle. Thus, when a clear CMAP is recorded, this indicates the close presence of the frontal branch of the facial nerve.
Supraorbital Keyhole Approach
For the supraorbital keyhole approach a skin incision is made in the upper half or along the upper margin of the eyebrow, starting from the midpupillary line and extend ing laterally (Fig. 2A) . The incision is located within 1 cm of the supraorbital margin and measures 3.5 cm in length. The frontalis muscle is then cut using a monopolar cautery. In the lateral part of the incision, the temporalis muscle is cut 1 cm, exposing a site for a frontobasal lat eral bur hole. Adequate undermining of the skin allows the creation of a 2 × 2.5-cm supraorbital bone flap us ing a highspeed drill with a footplate attachment. The incised skin and frontalis muscle are then retracted using 3 stay sutures on each side (Fig. 2B) . The inner edge of the craniotomy above the orbital rim is drilled and the frontal floor prominences are flattened. After the dural incision, the intradural procedures start with draining the CSF from the optic nerve and carotid cisterns.
In the present patient series the duration of the opera tive wound traction from the creation of the bone flap to its fixation was approximately 1 hour. The detailed intra dural procedures and the closure of the operative wound have been previously reported by the current authors.
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Postoperative Evaluation of Frontalis Muscle Palsy
A physical examination of the frontalis muscle was performed during admission and 1 month postoperative ly. Those patients with palsy of the frontalis muscle were then evaluated using blinded observers every month until complete or nearcomplete recovery. The tone of the fron talis muscle was inspected first, followed by the patients raising their eyebrows to note the excursion of the brows and degree of forehead wrinkling.
Statistical Analysis
The statistical analyses were performed with the aid of an SPSS package (version 14 for Windows; SPSS, Inc.). To compare the 4 groups based on the location of the frontal branch of the facial nerve in the lower forehead, the Fisher exact test was used for the incidence of post operative severe palsy of the frontalis muscle, whereas a 1way ANOVA was used for patient age. The results were considered significant for probability values less than 0.05.
Results
Mapping the Frontal Branch of the Facial Nerve
Based on the nerve conduction study at the 5 points along the inclined line above the supraorbital margin, a definite CMAP was recorded at 1 point in 32 patients (61.5%), 2 points in 18 patients (34.6%), and 3 points in 2 patients (3.8%).
The patients exhibited 4 types of distribution of the frontal branch of the facial nerve in the lower forehead based on the location of the CMAPs between 1 and 3 cm along the inclined line from the supraorbital margin: 1) high location (n = 27, 51.9%), with definite CMAPs at 1 or multiple points between 2 and 3 cm along the line from the supraorbital margin (Fig. 3A) ; 2) bimodal distribution (n = 14, 26.9%), with definite CMAPs at both a higher (2.0, 2.5, and 3.0 cm) and lower (1.0 and 1.5 cm) location (Fig. 3B); 3) low location (n = 5, 9.6%), with a definite CMAP exclusively at 1.5 cm (Fig. 3C) ; and 4) extremely low location (n = 6, 11.5%), with a definite CMAP exclu sively at 1.0 cm.
In the 14 patients showing CMAPs with a bimodal distribution, the lower CMAP was observed at 1.0 (n = 12) or 1.5 cm (n = 2) along the inclined line, while the higher CMAP was observed between 2 and 3 cm along the inclined line. The ages were comparable among the 4 patient groups based on the distribution of the frontal branch according to the location of the CMAPs (Table 1) .
Postoperative Palsy of the Frontalis Muscle
Among all 52 patients, no patient experienced per manent palsy of the frontalis muscle postoperatively. However, 11 patients (21.2%) experienced severe palsy of the frontalis muscle with no movement postoperatively, followed by recovery after 2-5 months (mean 3.2 ± 1.4 months). In addition, mild to moderate palsy lasting less than 2 months was observed in 15 patients (28.8%), and no frontalis palsy was observed in 26 patients (50.0%). Table 1 summarizes the incidence and severity of the frontalis palsy according to the location of the frontal branch of the facial nerve, determined by the presence of definite CMAPs. For severe palsy of the frontalis muscle with recovery 2-5 months after surgery, the incidence in creased according to the proximity of the frontal branch of the facial nerve to the eyebrow incision above the su praorbital margin. Thus the incidence of severe fronta lis palsy of the frontal branch was 7.4% (high location), 14.3% (bimodal distribution), 40.0% (low location), and 83.3% (extremely low location), as demonstrated by the occurrence of CMAPs, representing significant differ ences between all 4 groups (p = 0.001).
Discussion
The facial nerve exiting the skull base at the stylo mastoid foramen and traveling within the substance of the parotid gland shows several extraparotid branching patterns with 5 major facial branches. The path of the uppermost branch, the frontal (frontotemporal) branch of the facial nerve, has already been roughly estimated in the literature.
2,10,23, 25 Pitanguy and Ramos 20 plotted the Fig. 1 . Illustration of percutaneous mapping of the frontal branch of the facial nerve using nerve conduction study. The maximal CMAPs are observed above the eyebrow at 5 points along a laterally inclined line angled 30° from the midpupillary line (1.0, 1.5, 2.0, 2.5, and 3.0 cm measured from the supraorbital margin). AE = active electrode; GE = ground electrode; RE = reference electrode. Fig. 2 . Photographs demonstrating the supraorbital keyhole approach. A: The limited length and location of the eyebrow incision (yellow line) are shown. The incision is made in the upper half or along the upper margin of the eyebrow, starting from the midpupillary line and extending laterally. It is located within 1 cm of the supraorbital margin and measures 3.5 cm in length. B: Intraoperatively the incised skin and frontalis are retracted using three 2-0 silk sutures on each side, while the opened dura is retracted using three 4-0 silk stay sutures.
course of the frontal branch as a line starting from a point 0.5 cm below the tragus and passing 1.5 cm above the lat eral extremity of the eyebrow. Correia and Zani 6 located the frontal branch between two diverging lines extend ing from the region of the earlobe to the lateral end of the eyebrow and the lateral end of the highest forehead crease, respectively. However, the current use of percu taneous mapping with a nerve conduction study allowed exact localization of the frontal branch of the facial nerve above the eyebrow in each patient.
If an eyebrow incision is limited in length and lo cation, it can avoid transecting the frontal branch of the facial nerve. In the current patient series, a skin incision along the superciliary arch, starting from the midpupil lary line and extending laterally, located within 1 cm from the supraorbital margin and measuring 3.5 cm in length did not cause permanent palsy of the frontalis muscle. In a previous cadaveric study by Lin et al., 12 the distance be tween the zygomatic process of the frontal bone and the frontal branch of the facial nerve was found to range from 12.7 to 23.7 mm, indicating that an incision more than 13 mm lateral to the zygomatic process risks damaging the frontal branch of the facial nerve.
The transient palsy of the frontalis muscle encoun tered in the present patient series was considered to be related to stretchinduced nerve injuries that occurred during the operative wound traction. The severity of the nerve injury is primarily determined by the proximity of the nerve to the operative wound in the forehead, result ing in neuropraxia or axonotmesis. 4, 24 Severe injury to a nerve close to an operative wound invariably induces axonotmesis, which occurs when there is complete inter ruption of the nerve axon and myelin, although the sur rounding perineurium and epineurium are preserved. However, recovery is excellent due to sprouting axons in the remaining mesenchymal latticework. Mild injury to a nerve far from the operative wound invariably induces neurapraxia, which does not involve loss of nerve conti nuity and causes transient functional loss.
None of the patients in the present series developed permanent palsy of the frontalis or severe palsy lasting more than 6 months. However, permanent palsy of the frontalis was reported by Reisch and Perneczky 22 with a 5.5% incidence, while prolonged frontalis palsy of more than 6 months was reported by the present authors in an earlier surgical series with an incidence of 5.9%. 19 Thus, it may be surmised from these data that the chances of permanent injury to the frontal branch of the facial nerve are higher when it runs adjacent to the eyebrow incision.
Although the current study is limited based on a case series from a single institution, the use of percutaneous mapping of the frontal branch facilitates a preopera tive assessment of the risk of frontalis palsy when using a supraorbital keyhole approach. This risk assessment can then enhance technical precautions, such as using a slightly lower skin incision or avoiding the use of mono polar cautery while undermining the skin of the forehead.
Moreover, this risk assessment can even affect the acqui sition of informed consent from patients, who should be fully aware of the predicted risks and benefits of the pro cedure, as well as alternative available treatments such as endovascular coil embolization, a conventional pterional approach, or other keyhole techniques such as a sphenoid keyhole approach.
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Conclusions
Percutaneous mapping of the frontal branch of the facial nerve with a nerve conduction study can be used to assess the risk of postoperative frontalis muscle palsy following a supraorbital keyhole approach. The patients with the highest risk of postoperative palsy showed a clear CMAP exclusively at 1.0 cm above the supraorbital margin. * CMAP location: high = between 2 and 3 cm along the inclined line from the supraorbital margin; bimodal = at both a higher (2.0, 2.5, and 3.0 cm) and lower (1.0 and 1.5 cm) location; low = exclusively at 1.5 cm along the inclined line from the supraorbital margin; extremely low = exclusively at 1.0 cm along the inclined line from the supraorbital margin.
